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PRELIMINARY AE3ODYNAMTC CHARACTF;RISTICS OF A 

MANNED ~ ~ I N G  ENTRY VEHICLrF: AT A 

MACH NUMBER OF 6.8% 

By Robert W.  Rainey and Charles L. Ladson 

SUMMARY 

A t  t he  Langley Research Center a study i s  underway of t he  aerodynamic char- 
a c t e r i s t i c s  from subsonic t o  hypersonic speeds of a manned l i f t i n g  entry  vehic le  
(MLEV) with a hypersonic maximum l i f t - d r a g  r a t i o  of about 1. Preliminary r e s u l t s  
a t  a Mach number of 6.8 of t h i s  cambered, flat-bottom, blunt-leading-edge, de l t a -  
planform configuration show t h a t  desired performance was achieved a t  a moderate 
l i f t  coef f i c ien t  with s t a b i l i t y  and t r i m  capabi l i ty  over a wide range of angle of 
a t t ack  and l i f t .  S ignif icant  d i f ferences  i n  t r i m  a t t i t u d e  and d i r ec t i ona l  s t a -  
b i l i t y  occurred as  a r e s u l t  of change i n  configuration camber. 

INTRODUCTION 

An extensive review of t h e  manned entry  study being conducted a t  the  Langley 
Research Center, some r e su l t s  of which a r e  reported i n  reference 1, has indicated 
t h a t  an entry  vehic le  with a maximum hypersonic l i f t - d r a g  r a t i o  of about 1 meri ts  
f u r t he r  consideration from t h e  standpoint of poss ible  requirements f o r  fu tu re  
entry vehicles.  From t h i s  review and other examinations i n t e r e s t  has evolved i n  
a cambered, flat-bottom, blunt-leading-edge, th ick,  d e l t a  wing, and an investiga- 
t i o n  i s  underway a t  speeds from subsonic t o  hypersonic t o  study t he  aerodynamic 
problems associated with one o r  two of t he  more promising configurations i n  t h i s  
c l a s s  of entry vehicles.  

The purpose of t h i s  repor t  i s  t o  present  some of t he  r e s u l t s  of t he  i n i t i a l  
hypersonic t e s t s .  These t e s t s  were conducted i n  the  Langley 11-inch hypersonic 
tunnel  a t  a Mach number of 6.8 and Reynolds numbers, based on model length, of 
about 1.5 x 1~~ and 2.0 x lo6. The r e s u l t s  a r e  presented without' extensive 
analys is .  



characteristic span for yawing-moment and rolling-moment coefficient 
5.155 inches 

axial-force coefficient, Axial force/qoos 

drag coefficient , Drag/&s 

lift coefficient, ~ i f t / ~ ~  

rolling-moment coefficient , Rolling moment/&sb 

per degree 

pitching-moment coefficient, Pitching moment/&s2 

normal-force coefficient, Normal  force/^^ 

yawing-moment coefficient , Yawing moment/q&3b 

per degree 

side-force coefficient, Side force/qoo~ 

per degree 

lift-drag ratio 

length of vehicle, 8.00 inches 

free- stream Mach number 

free-stream dynamic pressure 

reference area equal to projected planform area with elevons 

elevon area 

body axes (see fig. 1) 

ordinates along body axes 



r r  I I , 
angle $$ attack,: dek i ,  , r , <  , 

9 ,  

c 

r r c  r I , ,  , 

angle of s idesl ip ,  deg 

elevon deflection angle, posit ive with t r a i l i n g  edge down, deg; used 
with subscripts L and R t o  indicate l e f t  elevon deflection and 
r ight  elevon deflection, respectively 

CONFIGURATION CONCEPTS 

The resu l t s  reported herein represent only the  i n i t i a l  phase of a much 
broader overal l  study directed toward demonstrating satisfactory aerodynamic 
characteristics f o r  the  class  of vehicle advanced i n  reference 1. I n  arriving 
a t  a basic configuration f o r  t h i s  vehicle class ,  the c r i t e r i a  t o  be met were 

(1) high l i f t  capabili ty a t  hypersonic speeds 

(2) hypersonic maximum LID = 1 a t  moderate t o  high l i f t  

(3) sat isfactory aerodynamic character is t ics  f o r  operation from hypersonic t o  
subsonic speeds (including conventional landing) 

(4) volume dis t r ibut ion amenable t o  layout of in te rna l  systems with a reason- 
able center-of-gravity location 

( 5 )  feasible  shape from s t ruc tura l  and heat protection considerations 

Experience ( fo r  example, refs .  2 and 3 )  has indicated tha t  high values of 
l i f t  a t  t r i m  with s t a b i l i t y  may be obtained by using cambered de l ta  plates .  The 
values of angle of attack and CL a t  t r i m  and, t o  a l e s s  extent, the  value of 
maximum LID may be adjusted by the  variation of the longitudinal loca l  slope 
distribution. Consequently, two models with the same area dis t r ibut ion but with 
different loca l  slopes (HL-10 and HL-11) were tested a t  hypersonic speeds t o  
evaluate the e f fec ts  of camber. This e f for t  was undertaken not only t o  obtain 
the aforementioned high value of maximum trimmed CL but also t o  obtain a moder- 

a tely high value of trimmed CL without elevon deflection. Therefore, i n  the 
event of loss of elevon control, the likelihood of survival during entry i s  
improved. The elevons have been sized t o  obtain near-maximum values of trimmed 
CL f o r  normal entry with negative 6, and a maximum value of L/D of approxi- 

mately l w i t h  posi t ive ?je. 

The cambered f l a t  bottom i s  fa i red  in to  generously rounded leading edges 
(see section drawings i n  f ig .  2) tha t  have high sweep angles t o  reduce convective 
heating rates .  The re la t ive ly  small nose radius would hopefully s t r ike  a reason- 
able compromise between radiative and convective heating on and i n  the v ic in i ty  
of the nose a t  high entry veloci t ies .  (see ref .  1. ) The upper par t  of the  vehi- 
c le  was contoured t o  provide shadowing from the oncoming flow a t  operation a t t i -  
tudes f o r  the higher speed portion of entry. 



The l o n g i t u d i n a l  t h i ckness  d i s t r i b u t i o n  shov 1 ii pri)lli de a -r_?Iist  ic vnl~rme 
d i s t r i b u t i o n  f o r  l ~ t e r n r l  s5ctragc and 9laceillellt of e r~u  1 pment . iQ~n?xirnum th ickness  
i s  adequate f o r  crzw zccomm~dation dllr irlg trie q i , c ~ .  on 2nd f o r  ;?szLtioning t h e  
crew t o  provide v i s i b i l i t y  during landing.  Although d e t a i l e d  i n t e r n a l  layouts  
have not  been made, rough e s t ima te s  i n d i c a t e  t h a t  wi th  uniform dens i ty  through- 
out  t h e  usab le  i n t e r i o r  t h e  c e n t e r  of g r a v i t y  would be loca t ed  a t  approximately 
60 percent  of t h e  v e h i c l e  length .  This  l o c a t i o n  compares t o  t h e  cen t ro id  of 
i n t e r n a l  volume a t  55 percent  of t h e  l eng th  ( a f t e r  making a  reasonable allowance 
f o r  s t r u c t u r e  beneath t h e  o u t e r  s u r f a c e ) .  Therefore,  it i s  f e l t  t h a t  by appro- 
p r i a t e  l o c a t i o n  of i n t e r n a l  equipment t h e  center -of -gravi ty  l o c a t i o n  a t  about 
53 percent  of t h e  v e h i c l e  l eng th  (based on aerodynamic cons ide ra t ions )  i s  reason- 
ab l e .  The shape a l s o  inc ludes  a  hemicylinder f a i r e d  i n t o  t h e  upper su r f ace  t o  
provide attachment t o  t h e  boos t e r  o r  s e r v i c e  module dependent upon type  and dura- 
t i o n  of t h e  p a r t i c u l a r  mission.  An at tempt  has  been made t o  minimize t h e  protub- 
erances which might complicate t h e  s t r u c t u r a l  design and hea t  p r o t e c t i o n  approach. 

MODELS, APPARATUS, AND TESTS 

The g e n e r a l  c l a s s  of v e h i c l e s  under cons ide ra t ion  has  been des igna ted  MLW 
(manned l i f t i n g  e n t r y  v e h i c l e ) .  Two models of a  h o r i z o n t a l  l anding  ve r s ion  (HL) 
of t h e  MLFV were t e s t e d  i n  t h i s  i n v e s t i g a t i o n .  These models were designated HL-10 
and H E 1 1  and d i f f e r e d  mainly i n  t h e  camber of t h e  lower su r f ace .  Drawings and 
photographs of t h e  models a r e  presented  i n  f i g u r e s  2 and 3, r e spec t ive ly .  The 
models were cons t ruc ted  of s t a i n l e s s  s t e e l  and were equipped wi th  in te rchangeable  
elevons,  f i n s ,  and rudders .  Measured o r d i n a t e s  of t h e  c ros s  s e c t i o n s  of t h e  HL-10 
and H E 1 1  models a r e  p re sen ted  i n  t a b l e s  I and 11, respec t ive ly .  

The f o r c e s  and moments were measured wi th  a  six-component s t r a in -gage  balance 
equipped wi th  i n t e r n a l  water  cool ing  t o  reduce zero s h i f t s  a s  a  r e s u l t  of tempera- 
t u r e  g rad ien t s .  The ba lance  en te red  t h e  base  of  t h e  model w i t h i n  t h e  c y l i n d r i c a l  
f a i r i n g .  The balance s t i n g ,  behind t h e  model t r a i l i n g  edge, was shrouded by a  
c y l i n d r i c a l  s h i e l d  0.60 inch  i n  diameter  ( f i g .  4 ) .  The p re s su re  w i th in  t h i s  
s h i e l d  was recorded during each t e s t .  This  base  p re s su re  con t r ibu t ion  t o  a x i a l  
f o r c e  was compared wi th  t h e  measured a x i a l  f o r c e  and found t o  be n e g l i g i b l e .  Thus, 
t h e  d a t a  presented  a r e  uncorrec ted .  

A pr ism was mounted i n  t h e  s i d e  of t h e  model so t h a t  a  l i g h t  beam from a  
p o i n t  source r e f l e c t e d  o f f  t h e  pr ism onto a  c a l i b r a t e d  s c a l e .  I n  t h i s  manner, 
t h e  t r u e  a t t i t u d e  of t h e  model w a s  determined i r r e s p e c t i v e  of balance and 
support-system d e f l e c t i o n s .  

The t e s t s  were conducted i n  t h e  Mach 6.8 t e s t  s e c t i o n  of t h e  Langley 11-inch 
hypersonic t u n n e l  over  an  angle-of -a t tack  range from O0 t o  40'. A t  angles  of 
a t t a c k  from 0' t o  30' t h e  t e s t s  were conducted a t  an average s t agna t ion  p re s su re  
of about 20 atmospheres absolu te .  I n  t h e  Mach 6.8 t e s t  s ec t ion ,  t h e  average Mach 
number a t  t h i s  s t agna t ion  p r e s s u r e  was about 6.87. A t  angles  of a t t a c k  from 30' 
t o  40' t h e  t e s t s  were conducted a t  a  s t agna t ion  p re s su re  of about 15 atmospheres 
abso lu t e  a t  an average Mach number of about 6 .82 .  A l l  t e s t s  were conducted a t  a  
s t agna t ion  temperature of about 600' F. The Reynolds numbers a t  s t agna t ion  



pressures of 15 :20 atmod*bef 4 s  ge,re 1. fr )( JO6, mnd: ?.I? X lnb, respectively, 
I r 6 ,  I , # r I 

based on model leq$b. C '  r r r r ,  r r  , r. [ [  
I ' ( 1  , I  , ( ,  

I '  ' ( '  1 I 1 ,  I , ,  r I " r r r  r T  

A t  high angles of attack, the  shock wave from the model forced separation 
of the boundary layer from the f loor  of the  tunnel. The shock wave formed as  a 
resu l t  of t h i s  separation extended in to  the  core of good flow just downstream 
from the t r a i l i n g  edge of the  model. (see f i g .  4, a = 40°. ) Results of t e s t s  
using the  same model and balance i n  a larger  tunnel void of any such shock waves 
confirm tha t  t h e  Mach 6.8 resu l t s  a re  f r ee  of interference a t  a l l  t e s t  values 
of a. 

ACCURACY OF RESULTS 

The accuracy i n  angles of attack and s ides l ip  was *O.lO. A summary of the 
average values and accuracies i n  Mach number and dynamic pressure and of the  
balance accuracy i n  terms of the aerodynamic coefficients i s  presented i n  the 
following tab le  : 

I - 
Mach number varied about k0.03 and dynamic pressure varied about 6 lb/sq f t  

during each t e s t  as a resu l t  of a change i n  tunnel throat s ize due t o  heating 
as each t e s t  progressed. These variations were accounted f o r  i n  the  data 
reduction. 

%? 

lb/sq f t  abs 

376 + 1.3 

294 + 1.3 

a, 
deg 

0 t o  30 

30 t o  40 

Accuracy of s t a t i c  balance calibration 
i n  terms of - 

RESULTS AND DISCUSSION 

M, 

6.87 f 0.03 

6.82 f 0.03 

The data obtained from t e s t s  of models HL-10 and HL-11 are presented in  
figures 5 t o  8. 

CY 

0.00080 

.0011 

The ef fec ts  of camber upon the longitudinal aerodynamic character is t ics  of 
t h e  vehicles can be seen from a comparison of figures 5(b)  and 6 (a ) .  As  a resu l t  
of HL-11 having larger  loca l  angles of attack behind the m a x i m  thickness where 
the  majority of the l i f t i n g  area i s  located, higher values of CL and L/D were 

obtained f o r  H L l l  than f o r  HL-10. However, t h i s  higher loading on H L - 1 1  limited 
the  trimmed angle of a t tack f o r  6, = 0' t o  about 3 5 O  and a trimmed CL t o  0.37 

( f i g .  6 (a ) )  as compared with a - 52' and CL x 0.54 f o r  HL10. These values 

f o r  HL-10 a t  a > 40° are  obtained from extrapolation of the experimental 

C n 

0.00015 

.00020 

' 

CN 

0.0026 

.0034 

Cm 

0.00032 

.00043 

C~ 

0.0012 

.0016 

0.000070 

.000094 



measurements m t h  t q e  ?>id I\:ewtonizn tkeor  s. igher. loaiiing 
on HL-11 i s  undoub%??.ly 5 ion of t h e  
vehicle t o  provide a higher l eve l  of d i rec t iona l  s t a b i l i t y  f o r  HL-11 than f o r  
HL-10 ( f i g .  7), 

Although the  ant ic ipated mode of entry  does not include normal operation i n  
t h e  low range of a at high veloci t ies ,  some t e s t s  were conducted a t  values of 
a down t o  oO. It i s  of i n t e r e s t  t o  note i n  t h i s  low range of a t h e  marked 
reduction i n  elevon control  effectiveness of HL-10 ( f i g .  5 ( b ) )  as compared with 
t h e  effect iveness  of HL-11 ( f i g .  6 ( a ) ) .  The higher curvature and t he  ensuing 
separated flow enveloped t h e  deflected elevons more completely f o r  t h e  HL-10. A 
solut ion t o  t h i s  problem i s  elevon chord-extension so  t h a t  a port ion of t h e  
elevon w i l l  extend beyond t h e  separated region and penetrate the  region of higher 
energy flow. 

The hypersonic t e s t s  of t h e  HL-11 were terminated ea r ly  i n  t h e  t e s t  program 
when t h e  subsonic r e su l t s  revealed several  advantages f o r  the  HL-10; consequently, 
t h e  majority of t h e  hypersonic da t a  herein  a r e  f o r  t h e  HL-10. The f i n  and control  
arrangement on t h e  HL-10 shown herein  i s  one of several  arrangements under current 
study . 

CONCLUDING RliNAFKS 

A t  t h e  Langley Research Center a study i s  underway of t h e  aerodynamic char- 
a c t e r i s t i c s  from subsonic t o  hypersonic speeds of a manned l i f t i n g  entry vehicle 
with a hypersonic maximum l i f t - d r a g  r a t i o  of about 1. Preliminary r e s u l t s  at  
a Mach number of 6.8 of t h i s  blunt-leading-edge delta-planform configuration 
show t h a t  des i red performance was achieved at a moderate l i f t  coeff ic ient  with 
s t a b i l i t y  and t r i m  capabi l i ty  over a wide range of angle of a t t ack  and l i f t .  
S ignif icant  differences i n  t r i m  a t t i t u d e  and d i rec t iona l  s t a b i l i t y  occurred as a 
r e s u l t  of change i n  configuration camber. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., May 22, 1963. 
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TABLE 11. - EL-11 ORDINATES 



Figure 1.- Axis system with p o s i t i v e  d i r e c t i o n  of forces,  moments, and angles indicated by arrows. 
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(a) HL-10 configuration. 

Figure 2.- Model drawings and dimensions. All linear dimensions are in inches. 



.I88 rad. 
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,575 rad. 

(b) H L l 1  configuration. 

Figure 2.- Concluded. 



(a) HL-10; tails-off; 6, = 0'. 

Figure 3.- Models used in the investigation. 



(b) HL-11; 6 ,  = -15O. 

Figure 3.- Concluded. 



(a) HL-10; 6 ,  = 0'. 

Figure 4.- Schlieren flow photographs. 



(b) HL-11; 6 ,  = 07 

Figure 4.- Continued. 



(c) HL-11; 6, = 30'. 

Figure 4.- Concluded. 



S e (a) Elevon-deflection effects; - = 0.08. 
S 

Figure 5.- HL-10 longitudinal aerodynamic characteristics. 



(a) Concluded. 

Figure 5 .  - Continued. 



( b )  Elevon-deflection e f fec t s ;  2 = 0.11. s 

Figure 3 .  - Coiltiilued. 



(b) concluded. 

Figure 5.- Continued. 



( c )  Elevon-area variat ion;  6, = 30'. 

Figure 5 . -  Continued. 



( c)  Concluded. 

Figure 5 . -  Continued. 



( d )  Twin-dor sa l - t a i l  e f f e c t s ;  tje = 0'. 

Figure  5 . -  Continued. 



( d )  Concluded. 

Figure 5 . -  Continued. 



( e )  Elevon-deflection e f f e c t s  ( r o l l  con t ro l )  . 

Figure 5 .  - Continued. 



( e )  Concluded. 

Figure 5.-  Concluded. 



'e (a) Elevon-deflection effects; - = 0.11. s 

Figure 6.- H L l l  longitudinal aerodynamic characteristics. 



(a )  Concluded. 

Figure 6. - Continued. 



( b )  D7i.n-dorsal-tail effects ;  6, = 0'. 

Figure 6 . -  Continued. 



(b) Concluded. 

Figure 6.- Concluded. 

0 Tails on 
Cl Tails off 



Figure  7 . -  D i r e c t i o n a l  and l a t e r a l  s t a b i l i t y  c h a r a c t e r i s t i c s .  








